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What are the early degrees of freedom in ultra-relativistic nucleus-nucleus collisions?
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The Parton-Hadron-String-Dynamics (PHSD) transport model is used to study the impact on
the choice of initial degrees of freedom on the final hadronic and electromagnetic observables in
Au+Au collisions at
√
sNN = 200 GeV. We find that a non-perturbative system of massive gluons
(scenario I) and a system dominated by quarks and antiquarks (scenario II) lead to different hadronic
observables when imposing the same initial energy-momentum tensor Tµν(x) just after the passage
of the impinging nuclei. In case of the gluonic initial condition the formation of s, s¯ pairs in the
QGP proceeds rather slow such that the anti-strange quarks and accordingly the K+ mesons do not
achieve chemical equilibrium even in central Au+Au collisions at
√
sNN = 200 GeV. Accordingly,
the K+ rapidity distribution is suppressed in the gluonic scenario and in conflict with the data from
the BRAHMS Collaboration. The proton and antiproton rapidity distributions also disfavor the
scenario I. Furthermore, a clear suppression of direct photon and dilepton production is found for
the pure gluonic initial conditions which is not so clearly seen in the present photon and dilepton
spectra from Au+Au collisions at
√
sNN = 200 GeV due to a large contribution from other channels.
It is argued that dilepton spectra in the invariant mass range 1.2 GeV < M < 3 GeV will provide a
definitive answer once the background from correlated D-meson decays is subtracted experimentally.
PACS numbers: 25.75.Nq, 25.75.Ld, 25.75.-q, 24.85.+p, 12.38.Mh
I. INTRODUCTION
Ultra-relativistic nucleus-nucleus collisions allow to
study strongly interacting QCD matter under extreme
conditions in heavy-ion experiments at the relativistic
heavy-ion collider (RHIC) and the large hadron collider
(LHC). The experiments at the RHIC and the LHC have
demonstrated that a stage of partonic matter is produced
in these reactions which is in an approximate equilibrium
for a couple of fm/c [1]. Due to the non-perturbative
and non-equilibrium nature of relativistic nuclear reac-
tion systems, their theoretical description is based on
a variety of effective approaches ranging from hydrody-
namic models with different initial conditions [2–11] to
various kinetic approaches [12–22] or different types of
hybrid models [23–30]. In the latter hybrid approaches
the initial state models are followed by an ideal or viscous
hydro phase which after hadronic freeze-out is followed
up by a hadronic transport approach to take care of the
final elastic and inelastic hadronic reactions.
In the ideal or viscous hydro calculations the initial
conditions – at some finite starting time of the order of
0.3 to 0.5 fm/c – have to be evaluated either in terms of
the (standard) Glauber model or other initial state sce-
narios like in the IP-glasma model [31, 32], respectively.
Furthermore, a color glass condensate (CGC) [33] is ex-
pected to lead to structures of smaller scale as compared
to the Glauber model that incorporates fluctuations on
the nucleon scale. However, in the hydrodynamic ap-
proaches only the equation of state enters as well as trans-
port coefficients like the shear viscosity η that account for
non-viscous phenomena but nothing can be said on the
nature of the microscopic effective degrees of freedom.
This also holds for hybrid models as long as they employ
a hydro phase. To our knowledge only microscopic trans-
port approaches allow to bridge the gap from p-p to p-A
and A-A collisions in a unique way without introducing
additional (and less controlled) parameters and are sen-
sitive to the degrees of freedom in the system since their
medium dependent retarded propagators fix the entire
time-evolution.
The complexity of heavy-ion collisions is reduced essen-
tially in the case of proton-nucleus collisions due to the
expected dominance of the initial-state effects over final-
state effects. Recently, we have performed a microscopic
transport study of p-Pb collisions at a nucleon-nucleon
center-of-mass energy
√
sNN = 5.02 TeV and compared
PHSD results to the ALICE measurement at the LHC
of the charged particle pseudorapidity distributions from
Ref. [34] for pseudorapidity |η| < 2 for different multi-
plicity bins of charged particles Nch [35]. However, these
differential pseudorapidity densities did not allow for firm
conclusions on the initial state configuration and the dy-
namical degrees of freedom since other approaches com-
pared reasonably well, too: the saturation models em-
ploying coherence effects [36–38] or the two-component
models combining perturbative QCD processes with soft
interactions [39, 40]. On the other side, a sizeable differ-
ence in the mean transverse momentum of particles 〈pT 〉
versus the pseudorapidity η with opposite slopes in η on
the projectile side is found within the CGC framework
relative to hydrodynamical or transport calculations [35].
Furthermore, an application of the same approach to
Pb+Pb collisions at the collision energy
√
sNN = 2.76
TeV showed that the heavy system is not sensitive to
the size of initial state fluctuations [41] when concen-
trating on hadronic spectra and collective flow coeffi-
cients v2(pT ), v3(pT ) and v4(pt). This finding was later
2on confirmed in a viscous hydro model in Ref. [42]. In
these studies the electromagnetic observables had been
discarded since the degrees of freedom in the initial stage
were kept unchanged.
In this work we explore the sensitivity of hadronic and
electromagnetic observables to the explicit initial degrees
of freedom under the constraint of an identical energy-
momentum tensor Tµν(x) in the non-equilibrium phase
just after the passage of the two imping nuclei (5% central
Au-Au collisions at
√
sNN = 200 GeV). We address this
question by investigating two alternative scenarios for the
initial production of the quark gluon plasma: the scenario
I involves purely gluonic initial states as proposed more
than two decades ago in Refs. [43–47] since at that time
a first-order phase transition from hadronic to partonic
matter had been expected. This scenario was recently
brought forward again in Ref. [48] due to a possibly gluon
dominated initial state. The scenario II describes the
initial plasma as a pure ensemble of quark and antiquark
degrees of freedom (without gluons).
After a brief reminder of the PHSD off-shell transport
approach we explain the implementation of initial glu-
onic degrees of freedom in Section II and show the actual
dynamical evolution of the quark and gluon numbers as
well as the quark and gluon interaction rates for both
scenarios in case of central Au+Au collisions at
√
sNN
= 200 GeV. The PHSD calculations for various hadronic
spectra, collective flow and electromagnetic observables
are presented in Section III in comparison to available
data. We summarize our findings in Sec. IV.
II. REMINDER OF PHSD AND ITS
EXTENSION
The PHSD model is a covariant dynamical approach
for strongly interacting systems formulated on the basis
of Kadanoff-Baym equations [49] or off-shell transport
equations in phase-space representation, respectively. In
the Kadanoff-Baym theory the field quanta are described
in terms of dressed propagators with complex selfener-
gies. Whereas the real part of the selfenergies can be
related to mean-field potentials (of Lorentz scalar, vec-
tor or tensor type), the imaginary parts provide informa-
tion about the lifetime and/or reaction rates of time-like
particles [50]. Once the proper (complex) selfenergies
of the degrees of freedom are known, the time evolu-
tion of the system is fully governed by off-shell trans-
port equations (as described in Refs. [49, 50]). This ap-
proach allows for a simple and transparent interpreta-
tion of lattice QCD results for thermodynamic quanti-
ties as well as correlators and leads to effective strongly
interacting partonic quasiparticles with broad spectral
functions. For a review on off-shell transport theory
we refer the reader to Ref. [50]; model results and their
comparison with experimental observables for heavy-ion
collisions from the lower super-proton-synchrotron (SPS)
to relativistic-heavy-ion-collider (RHIC) energies can be
found in Refs. [21, 22, 51–53] including electromagnetic
probes such as e+e− or µ+µ− pairs [54, 55] or real pho-
tons [56].
In the beginning of relativistic heavy-ion collisions
color-neutral strings (described by the FRITIOF LUND
model [57]) are produced in hard scatterings of nucle-
ons from the impinging nuclei. These strings are dis-
solved into ’pre-hadrons’ with a formation time of 0.8
fm/c in their rest frame, except of the ’leading hadrons’,
i.e. the fastest residues of the string ends, which can re-
interact (practically instantly) with hadrons with a re-
duced cross sections in line with quark counting rules. If,
however, the local energy density is larger than the criti-
cal value for the phase transition, which is taken to be ∼
0.5 GeV/fm3, the pre-hadrons melt into (colored) effec-
tive quarks and antiquarks as well as massive gluons in
their self-generated repulsive mean-field as defined by the
DQPM [50]. In the DQPM the quarks, antiquarks and
gluons are dressed quasiparticles and have temperature-
dependent effective masses and widths which have been
fitted to the lattice thermal quantities such as energy
density, pressure and entropy density. Furthermore, the
interaction rates from the DQPM - entering e.g. in the
electric conductivity or shear viscosity of the hot QGP -
have been successfully confronted with results from lat-
tice QCD (lQCD) [58, 59]. The nonzero width of the
quasiparticles implies the off-shellness of partons, which
is taken into account in the scattering and propagation of
partons in the QGP on the same footing (i.e. propagators
and couplings).
The transition from the partonic to hadronic degrees
of freedom is described by covariant transition rates for
the fusion of quark-antiquark pairs to mesonic resonances
or three quarks (antiquarks) to baryonic states, i.e. by
the dynamical hadronization [21, 22]. Note that due to
the off-shell nature of both partons and hadrons, the
hadronization process obeys all conservation laws (i.e.
four-momentum conservation and flavor current conser-
vation) in each event, the detailed balance relations and
the increase in the total entropy S. In the hadronic
phase PHSD is equivalent to the hadron-strings dynamics
(HSD) model [18].
A. Extensions to gluonic initial states
To modify the PHSD model to gluonic initial states
(scenario I) under the constraint of keeping the energy-
momentum tensor Tµν(x) unmodified with respect to the
default PHSD approach we exchange in the PHSD disso-
lution routine the massive quark and antiquark degrees of
freedom by massive gluons alone which are generated by
the fusion of flavor neutral quark and antiquark pairs of
closest distance in phase space. Since in PHSD the glu-
onic degrees are massive, too, and have broad spectral
functions (or imaginary parts of the retarded propaga-
tors), this gluonic fusion happens at practically the same
time as the conventional dissolution in PHSD (above a
3critical local energy density of ǫc ≈ 0.5 GeV/fm3 in line
with the DQPM and lattice QCD). We note in passing
that the conversion of quarks and antiquarks to massive
gluons is similar to the dissolution in the default PHSD,
however, here the local ratio of quarks and antiquarks
to gluons is fixed by the ratio from the DQPM at the
same local energy density ǫ. Since the DQPM evaluates
this ratio in thermal equilibrium the gluons are substan-
tially suppressed relative to quarks and antiquarks due to
their larger masses, i.e. Mg(ǫ) ≈ 3/2Mq(ǫ). The default
PHSD is thus much closer to the scenario II. As in the
conventional PHSD the gluonic degrees of freedom decay
to quarks and antiquarks in time in line with their decay
width and vice versa (g ↔ q+ q¯) and in accordance with
unquenched lattice QCD. In this way energy and momen-
tum as well as flavor currents are conserved throughout
the calculation [21, 22]. The only difference is the ’forma-
tion time’ of the ’particles’ here which is shorter for the
’gluons’ due to their higher mass and given by the inverse
transverse mass 1/
√
p2 +M2g in their rest frame where
Mg is the mass of the gluonic quasiparticle in the local
cell. In order to introduce the scenario II in PHSD we
immediately decay the formed (colored) gluons to (col-
ored) quarks + antiquarks according to spectral functions
from the DQPM. We mention that a partly related in-
vestigation has recently been performed in the on-shell
transport model of the Catania group [60]. We stress,
however, that the default initialization in PHSD includes
quark and antiquark as well as gluonic degrees of free-
dom that are populated in each local cell according to
the DQPM [50]. Furthermore, similar strategies have
been incorporated in Ref. [61] for the transition from
DQPM degrees of freedom to those from the NJL model
at a similar initial stage.
B. Parton abundancies
In order to illustrate the procedure we show in Fig. 1
the time evolution of the gluon number (solid red line)
as well as the total quark+antiquark number (divided
by 2) (dashed blue line) and strange+antistrange quark
number (divided by 2) (dot-dashed green line) as a func-
tion of time t for a central (b = 2 fm) Au+Au collision
at
√
sNN = 200 GeV in logarithmic representation. Ini-
tially, the partonic degrees of freedom in the scenario
I are entirely represented by gluons (from the melting
strings) which in time produce quark-antiquark pairs by
gluon splitting. Concequently, the strange-antistrange
quark pairs appear with a delay. Since the early de-
crease of the gluon number is approximately exponential
we may attribute a transition time τg to this decay which
amounts to τg ≈ 6-8 fm/c which is roughly in line with
the BAMPS calculations from Ref. [20]. On the other
hand the PHSD calculations with the initial condition of
only massive quarks and antiquarks - as generated by the
dissolution of formed hadrons via string decay in the sce-
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FIG. 1: (a) Time evolution of the gluon number (red solid
line) as well as the total quark+antiquark number (divided by
2) (dashed blue line) and strange+antistrange quark number
(divided by 2) (dot-dashed green line) as a function of time
t for a central (b = 2 fm) Au-Au collision at
√
sNN = 200
GeV in logarithmic representation for the scenario I (gluonic
initial conditions). (b) Same quantities as in (a) but for the
scenario II (fermionic initial conditions).
nario II - shows a different time evolution (cf. Fig. 1(b)):
here the time evolution exhibits an approximately expo-
nential decrease of the quark+antiquark number while
the gluons are formed in the first 2-3 fm/c, however, re-
main suppressed throughout the time evolution since no
chemical equilibration is achieved.
It is important to point out that the scenario I is dif-
ferent from the ’gluonic initial state’ proposed in Ref.
[48]. In our case we use the properties of the retarded
propagators for partons as fixed by the DQPM in com-
parison with unquenched lattice QCD for 2+1 flavors
while in Ref. [48] a quenched gluonic system is addressed
with undergoes a first-order phase transition at T ≈ 270
MeV and does not couple dynamically to quarks and an-
tiquarks. Consequently, the degrees of freedom in the
model of Ref. [48] are color neutral massive glueballs
for temperatures below about 270 MeV whereas in our
case we deal with colored massive gluons in interaction
with massive quarks and antiquarks as inherent in full
(unquenched) QCD.
In order to shed some light on the actual dynamics
we display the quark interaction rate dNq/dt (a) and
the gluon interaction rate dNg/dt (b) for both scenar-
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FIG. 2: (a) The quark interaction rate dNq/dt from PHSD
as a function of time t for a central (b = 2 fm) Au-Au colli-
sion at
√
sNN = 200 GeV in the scenario I (lower dark blue
dashed line) and scenario II (light blue upper line). (b) Same
quantities as in (a) but for the gluon interaction rate dNg/dt
(see legend).
ios in Fig. 2 for a central (b = 2 fm) Au-Au collision
at
√
sNN = 200 GeV. In line with the different initial-
izations the quark interaction rate is substantially sup-
pressed in the scenario I while the gluon interaction rate
is suppressed in the scenario II. Without explicit rep-
resentation we mention that the hadronization rate is
slightly larger in the scenario II than in the gluonic sce-
nario I. The actual timescales within the PHSD for the
transition from gluonic to partonic matter are compara-
ble to those from the BAMPS model [20].
III. COMPARISON TO EXPERIMENTAL DATA
In this Section we show the PHSD results for a va-
riety of observables from 5% central Au-Au collisions
at
√
sNN = 200 GeV in comparison to experimental
data by employing the different initial state scenarios
I (gluons) and II (quarks and antiquarks). Note, how-
ever, that these different scenarios do not correspond
to PHSD although the default version is closer to the
scenario II since in the DQPM the gluons are heavier
than the quarks/antiquarks and suppressed relative to
the quarks/antiquarks for fixed energy density in a given
cell.
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FIG. 3: Rapidity distributions for pi+ (a) and K+ (b) mesons
from PHSD for the scenarios I and II in comparison to the
results of the BRAHMS Collaboration [62] for 5% central Au-
Au collisions at
√
sNN = 200 GeV .
A. Hadronic observables
We start with 5% central Au-Au collisions at
√
sNN =
200 GeV and compare in Fig. 3 the rapidity distribu-
tions for π+ and K+ mesons from the scenarios I (red
lines) and II (blue dashed lines) with the data from the
BRAHMS collaboration [62]. As expected in the previous
Section there is only a slight difference in the pion rapid-
ity distribution, however, the K+ distribution is sizeably
underestimated in the scenario I since the strange and an-
tistrange quarks are out-of chemical equilibrium and in
scenario I not present at all in the beginning. We recall
that the strangeness equilibration time for the partonic
energies of interest in the PHSD is in the order of 20-30
fm/c [64] which is long compared to the duration of the
partonic phase in central Au+Au collisions at the top
RHIC energy. The slopes of the transverse momentum
spectra (cf. Fig. 4) are quite similar for the two scenarios
and slightly underestimate the data from Ref. [63].
The results for the proton and antiproton rapidity dis-
tributions are displayed in Fig. 5 for 5% central Au+Au
collisions at
√
sNN = 200 GeV in the two scenarios and
demonstrate that the scenario II with quarks and anti-
quarks in the initial state is clearly favored by the data
from the BRAHMS [66] and PHENIX [63] collaborations.
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FIG. 4: Transverse momentum spectra for pi+ (a) and K+ (b)
mesons from PHSD for the scenarios I and II in comparison to
the results of the PHENIX Collaboration [63] for 5% central
Au-Au collisions at
√
sNN = 200 GeV .
The collective dynamics, however, might show a dif-
ferent picture since e.g. the elliptic flow v2 is driven by
collisions as well as the repulsive scalar partonic potential
as defined by the DQPM. The actual comparison of the
PHSD results for the scenarios I and II is displayed in Fig.
6 for the elliptic flow v2(pT ) of charged hadrons for Mini-
mum Bias Au-Au collisions at
√
sNN = 200 GeV. Unfor-
tunately, there is almost no difference between the two
scenarios while both assumptions are compatible with the
STAR data from Ref. [65].
B. Electromagnetic observables
We recall that in Ref. [67] the authors have suggested
to investigate asymmetric nucleus-nucleus collisions in or-
der to find out if in the very initial phase - during the
passage time of the impinging nuclei - electric partonic
charges are present since the asymmetric electric field
generated by the spectator protons would lead to differ-
ent directed flows of particles and antiparticles (of oppo-
site electric charge). In the case of symmetric nucleus-
nucleus collisions such an initial Coulomb boost from the
spectator protons approximately cancels in the center of
the partonic medium. In case of electromagnetic observ-
ables we expect the yields and distributions of photons
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FIG. 5: The rapidity distribution of protons (a) and antipro-
tons (b) for 5% central Au-Au collisions at
√
sNN = 200 GeV
from the scenarios I and II in comparison to the experimental
data from the BRAHMS [66] and PHENIX collaboration [63]
(the data as well as calculations are without including the
feeddown from strange baryons).
and dileptons to be quite sensitive to the initial degrees
of freedom (being charged or not). Especially the pro-
duction of energetic photons by q+ q¯ annihilation should
be substantially suppressed in the scenario I [68, 69] as
compared to scenario II where quarks and antiquarks are
present almost from the very beginning. Since also inter-
mediate mass dileptons were found to be dominated by
the q + q¯ annihilation [54] this expectation should also
hold for the virtual photons.
In order to quantify this expectation we have per-
formed PHSD calculations for the scenarios I and II fol-
lowing up our previous studies in Refs. [54, 56] where all
the details of the calculations are presented. We recall
that also the computation of the electromagnetic radia-
tion from partons has been evaluated with the DQPM
propagators such that no new parameter enters these
calculations (cf. Ref. [70] for a recent review). In
Fig. 7 we show the corresponding PHSD results for the
two scenarios in comparison to the thermal photon data
from PHENIX [71] for 0-20% centrality (a) and 20–40%
centrality (b). The partonic photon contribution from
q − q¯ annihilation and Gluon Compton scattering is dis-
played in terms of the green dashed lines for scenario
6FIG. 6: The elliptic flow v2(pT ) of charged hadrons for Min-
imum Bias Au-Au collisions at
√
sNN = 200 GeV from the
scenarios I and II in comparison to the experimental data
from the STAR collaboration [65].
II and the dash-dot purple lines for the scenario I. The
solid red lines reflect the thermal photon spectrum when
adding the hadronic channels – dominated by mm and
mB bremsstrahlung – for the scenario I while the dash-
dotted blue line represents the same quantity for the sce-
nario II. We find that the partonic contribution is about
an order of magnitude larger in the scenario II than in
the gluonic scenario I, however, when adding up all con-
tributions only a moderate depletion of the spectrum is
visible for pT > 2 GeV/c which is below the PHENIX
data at the largest transverse momenta. Note, however,
that the thermal photon yield is slightly underestimated
by the PHSD calculations for the most central collisions.
Accordingly, the present photon data do not clearly dif-
ferentiate between the two scenarios. In addition, the
panel c) in Fig. 7 shows a comparison of the elliptic flow
v2(pT ) for the scenario I (solid red line) and the scenario
II (dashed blue line) with the PHENIX data. Here the
hatched area displays the statistical uncertainty of the
PHSD calculations. Nevertheless, there is a clear ten-
dency for a larger photon v2 in the scenario I which is
readily understood in terms of a reduced and delayed
production of photons in the QGP phase where the pho-
tons are emitted from quark and antiquark channels that
have achieved a finite v2 due to the strong gluon-gluon
interactions before. In contrast, the charged hadrons are
only sensitive to the sum of gluonic and quark/antiquark
interactions as well as hadronic channels and show no
sensitivity to the different scenarios in v2(pT ) as noted
before (cf. Fig. 6).
We now turn to dileptons where the virtuality (invari-
ant mass) of the lepton pair serves as an additional de-
gree of freedom. In Fig. 8 we show a comparison of
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FIG. 7: The thermal photon yield from partonic channels
versus transverse momentum pT from PHSD (at midrapid-
ity) in the scenarios I (lower dash-dot purple lines) and II
(dashed green lines) for Au-Au reactions at
√
sNN = 200
GeV for 0-20% centrality (a) and 20–40% centrality (b). The
solid red lines reflect the thermal photon spectrum when
adding the hadronic channels – dominated by mm and mB
bremsstrahlung – for the scenario I while the dash-dotted blue
lines represent the same quantity for the scenario II. The data
for the thermal photons are from the PHENIX collaboration
[71]. The panel c) shows a comparison of the elliptic flow
v2(pT ) for the scenario I (solid red line) and the scenario II
(dashed blue line) with the PHENIX data. The hatched area
displays the statistical uncertainty of the PHSD calculations.
the QGP di-electron contribution as a function of the in-
variant mass for the scenario I (solid red line) and the
scenario II (dash-dot blue line). Since the dilepton yield
at higher masses (> 1 GeV) is dominated by q− q¯ annihi-
lation we find a large difference between the two scenarios
which increases with the invariant mass M . Depending
on the background yield and possible subtraction espe-
cially the e+e− yield from 1.2 GeV < M < 3 GeV should
7qualify as a proper observable to distinguish the two sce-
narios.
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FIG. 8: Comparison of the QGP di-electron contribution as
a function of the invariant mass M for the scenario I (solid
red line) and the scenario II (dash-dot blue line) for central
Au+Au collisions at
√
sNN = 200 GeV from the PHSD.
In Fig. 9 we compare the mass spectra of e+e− pairs
from Au-Au reactions at
√
sNN = 200 GeV for 0-80%
centrality from STAR [72] (a) and 0-92% from PHENIX
[73] (b) to the PHSD results for the two scenarios. The
thermal dilepton yield from partonic channels is dis-
played for the scenarios I (lower dash-dot purple lines)
and II (dashed green lines) explicitly and shows again
very large differences depending on the initial degrees of
freedom. Whereas in case of scenario II the QGP con-
tribution is roughly of the same size as the yield from
correlated D-meson decays, the QGP yield from the sce-
nario I is practically not visible in the total spectra. The
solid red lines in Fig. 9 reflect the total dilepton spec-
trum when adding the residual channels – dominated
by correlated D-meson decays – for the scenario I while
the dash-dotted blue line represents the same quantity
for the scenario II. Whereas the present accuracy of the
PHENIX data does not allow to differentiate the different
initial degrees of freedom, the STAR data show a better
agreement with the PHSD calculations for the scenario
II. However, for a robust conclusion one needs to subtract
the D-meson background as e.g. in the NA60 data [74].
This gives a strong motivation for the STAR detector
upgrade with a muon telescope [75].
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FIG. 9: The transverse mass spectra of e+e− pairs from Au-
Au reactions at
√
sNN = 200 GeV for 0-80% centrality (a) and
0-92% (b). The thermal dilepton yield from partonic channels
is displayed for the scenarios I (lower dash-dot purple lines)
and II (dashed green lines). The solid red lines reflect the
total dilepton spectrum when adding the residual channels –
dominated by correlated D-meson decays – for the scenario I
while the dash-dotted blue line represents the same quantity
for the scenario II. The dilepton data are from the STAR
Collaboration [72] (a) and from the PHENIX Collaboration
[73] (b).
IV. CONCLUSIONS
In this work the parton-hadron-string dynamics
(PHSD) approach has been employed in the top RHIC
energy range for Au-Au collisions in order to explore the
influence of the initial degrees of freedom on hadronic
and electromagnetic observables. For this purpose we
have considered two initial state scenarios: (I) with only
massive gluons in the initial state (after the passage of
the impinging nuclei) and (II) with only quarks and an-
tiquarks while keeping the local energy-momentum ten-
sor Tµν(x) unchanged. We point out that the default
PHSD approach does not correspond to these limit-
ing scenarios, however, is closer to scenario II due to
the thermal suppression of the gluons which are heav-
ier than the quarks/antiquarks in the DQPM. In PHSD
8the equilibration between the gluonic and fermionic de-
grees of freedom proceeds dominantly via the channel
g ↔ q + q¯ with an equilibration time of order 6-8 fm/c.
We find that the total partonic collision rates (adding up
quarks/antiquarks and gluons) as well as the hadroniza-
tion rate come out not so much different in the two sce-
narios. However, the formation of s, s¯ pairs in the gluon
dominated QGP (scenario I) proceeds rather slow [64]
such that the anti-strange quarks and accordingly the
K+ mesons do not achieve chemical equilibrium even in
central Au+Au collisions at the top RHIC energy. Ac-
cordingly, the K+ rapidity distribution is suppressed in
the scenario I in conflict with the data from BRAHMS.
Some comments on these results are in order: In the
scenario I the gluon decay to quark-antiquark pairs hap-
pens in accord with the gluon spectral function in PHSD
that has a typical width of 100 to 150 MeV which implies
that the decay rate is rather ’slow’ (on timescales of 1.5
to 2 fm/c). In the case of gluon decay the ratio of the
strange to light quarks depends on the final phase space
and thus on the quark masses. For the initial times this
leads to a ratio of strange to light quarks of about 1/3,
however, the quarks appear with a delay time of 1.5-2
fm/c relative to the gluons (cf. Fig. 1a) which is large
compared to the average formation time of partons of
0.2-0.3 fm/c in the scenario II. We recall that the con-
cept of string melting in the QGP also implies a ratio
of the strange to light quarks of ∼ 1/3 [76]. One might
claim that these widths might be substantially underes-
timated in the DQPM (or PHSD) but for substantially
larger widths the ratio of the shear viscosity over entropy
density η/s or the electric conductivity σ would drop by
the same factors and no longer be in accord with results
from lattice QCD (cf. the review [70]).
The rapidity distributions for protons and antiprotons
are overestimated in the gluonic scenario I while are good
agreement is achieved within the scenario II in compar-
ison to the data from the BRAHMS and STAR collabo-
rations. The differential elliptic flow of charged particles
(cf. Fig. 6) is not sensitive to the initial degrees of free-
dom, however, a drastic difference is seen in the photon
and dilepton production from partonic sources since the
initial gluonic degrees of freedom carry no electric charge.
The actual comparison to the data from the PHENIX
and STAR collaborations (cf. Figs. 7 and 9) slightly fa-
vor the scenario II, i.e. the early presence of quarks and
antiquarks, however, a robust conclusion (from the pho-
ton data) will require more accurate measurements for
transverse momenta of 2–3 GeV/c as well as a subtrac-
tion of the background from correlated D-meson decays
in case of dileptons.
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